Human embryonic fibroblasts (HEF) have been transformed by BK virus (BKV) DNA and by u.v.-inactivated or live BKV alone or in association with methylcholanthrene (MTC). The transformed cells produced BKV large T and small t antigens as well as the cellular 53 kdal protein, detected by immunofluorescence and immunoprecipitation. After an initial phase of lysis and virus shedding, virus or its coat protein antigen could not be detected in transformed cells. All human transformed cell lines could be superinfected by BKV or BKV DNA, but their susceptibility to superinfection was 20-to 500-fold lower than normal HEF. BKV could be rescued by fusion of transformed cells with normal HEF or Veto cells and by transfection of normal HEF with total DNA and DNA extracted from the Hirt supernatant of transformed cells. Blot hybridization analysis of DNA from transformed cells showed a considerable amount of free BKV DNA in monomeric and polymeric forms. Integrated BKV DNA was absent in most cell lines but present in only small amounts in BKV-transformed cells treated with MTC. Analysis of free BKV DNA with various restriction endonucleases and by blot hybridization showed that monomeric forms were complete BKV genomes, whereas polymers contained both complete and defective or rearranged BKV DNA. Transformation of HEF was also obtained with a 3.7 kilobase (kb) fragment of the BKV genome, produced by sequential digestion of BKV with the restriction endonucleases HhaI and EcoRI. This fragment extends clockwise on the virus genome from 0 to 72-2 map units and contains the entire early region. Blot hybridization analysis of cells transformed by the HhaI/EcoRI 3.7 kb fragment showed two separate integrations of BKV sequences without free virus DNA.
INTRODUCTION
Cells permissive to papovaviruses support virus replication and lyse upon infection with virus or virus DNA. Nevertheless, mouse cells have been transformed by polyoma virus (Dulbecco & Vogt, 1960) and monkey and human cells by simian virus 40 (SV40) (Fernandes & Moorhead, 1965; Carp & Gilden, 1966; Koprowski et al., 1962; Shein & Enders, 1962) . BK virus (BKV), a human papovavirus isolated by Gardner et al. (1971) , is oncogenic for hamsters and mice and transforms hamster, mouse, rat, rabbit and monkey cells in culture (for reviews see Howley, 1980; Padgett, 1980) . Although human cells are permissive for BKV replication (Takemoto & MuUarkey, 1973) , they have been transformed by BKV. In addition to abortive transformation of human foreskin and embryonic fibroblasts (Shah et al., 1976; Portolani et al., 1978) , stable transformation of human embryonic kidney and foetal brain cells has been described (Purchio & Fareed, 1979; Takemoto et al., 1979) . In these reports, however, transformation was always 0022-1317/82/0000-5245 $02.00 © 1982 SGM associated with persistent BKV infection and virus production. Moreover, BKV-transformed foetal brain cells were unable to produce BKV tumour (T) antigen (Takemoto et al., 1979) . Blot hybridization analysis of BKV-transformed human cells detected mainly, if not exclusively, fulllength free BKV DNA in circular monomeric form, whereas the evidence for integrated virus DNA was uncertain (Purchio & Fareed, 1979; Takemoto et al., 1979) . In this report we describe stable transformation of human embryonic fibroblasts (HEF) by BKV and BKV DNA and characterize the state of virus DNA in transformed cells.
METHODS

Cells and virus.
HEF were grown and propagated in Eagle's minimal essential medium (MEM) containing 2 × vitamins and amino acids and supplemented with 10~ foetal bovine serum. Veto cells were grown and maintained in the same medium supplemented with 5 % calf serum. Prototype BKV (Gardner strain) was grown in Vero cells and purified on to a cushion of KBr saturated solution, followed by two cycles of equilibrium density gradient centrifugation in CsC1 (Maraldi et al., 1975) . Virus was titrated by haemagglutination of type O human erythrocytes and by the fluorescent antibody (FA) focus assay (Aaronson & Todaro, 1970) 
in HEF.
Virus inactivation by ultraviolet irradiation. To inactivate virus infectivity, purified BKV stocks in Petri dishes were exposed to u.v. light (wavelength 253.7 nm, surface dose 72 J/m2/s) for 16 min at 10 cm from the lamp.
Immunofluorescence. The indirect immunofluorescent (IF) test to detect BKV T and virus coat protein (VP) antigens was performed as described . Specific antiserum to BKV T was obtained from hamsters bearing tumours induced by BKV-transformed hamster cells. Specific antiserum to BKV VP was produced in rabbits hyperimmunized with purified BKV.
Immunoprecipitation and SDS-PAGE. Immunoprecipitation to detect BKV large T and small t antigens in transformed cells was carried out by the method of Kress et al. (1979) with minor modifications. Immune complexes were eluted from Sepharose beads and analysed by SDS-PAG E in composite gels of 7.5 and 15 % acrylamide (Laemmli, 1970) . Electrophoresis was carried out at room temperature at 20 mA for 6 to 8 h. The gels were stained with Coomassie Brilliant Blue, destained, dried and exposed to Kodak X-Omat R films for 2 to 5 days. The following molecular weight standards were used to calibrate the gels: phosphorylase B, mol. wt. 95 kilodaltons (K), bovine serum albumin (67K), ovalbumin (45K), carbonic anhydrase (31K), soybean trypsin inhibitor (21K) and lysozyme (14.5K).
Transformation of cells with BKV or BKV DNA. Sub-confluent HEF were infected with live or u.v.-irradiated BKV at 100 FA focus-forming units per cell. One dffy after infection of cells with live BKV, methylcholanthrene (MTC) was added to the medium of some cultures (5 ~tg/ml) and kept for 20 days. Control cell cultures were treated with MTC alone. The calcium phosphate precipitation technique (Graham & Van der Eb, 1973) as modified by Wigler et al. (1979) was used to infect cells with supercoiled BKV DNA molecules (FI) or with the HhaI/EcoRI BKV DNA fragments. Infection was carried out at 1 p~g of virus DNA (made up to 10 ~tg with salmon sperm DNA) per 106 cells. One day after infection with BKV or BKV DNA FI, the medium of some cell cultures was supplemented with hyperimmune rabbit serum to BKV (100 haemagglutination-inhibiting units per ml).
DNA extraction and purification. Virus DNA and total cell DNA were extracted as described (Chenciner et al., 1980) . Separation of low mol. wt. from high mol. wt. cell DNA was obtained by selective precipitation according to the method of Hirt (1967) . To further purify the high mol. wt. DNA from contaminating molecules of monomeric virus DNA, the DNA extracted from the Hirt pellet was centrifuged in 5 to 209/oo continuous sucrose gradients at 26000 rev/min for 6 h in the SW27 rotor of a Spinco ultracentrifuge, according to the method of Rigby & Berg (1978) .
Blot hybridization analysis. Blot hybridization analysis of transformed cells DNA was as described (Chenciner et al., 1980) . Molecular weight and band intensity measurements. In blot hybridization experiments, the mol. wt. of cellular or virus DNA restriction fragments were measured using EcoRl-generated fragments of SPP1 phage DNA (Mclntosh et al., 1978) or BKV DNA fragments produced by digestion with various endonucleases as internal standards. To determine the number of genome equivalents of BKV DNA per diploid cell genome, various amounts ofEcoRI-digested DNA from transformed cells were electrophoresed and blot-hybridized in the same gel together with increasing amounts ofEcoRl-digested BKV DNA. Band intensities were evaluated by scanning the autoradiographs with a Kipp and Zonen densitometer. The number of genome equivalents was then determined by calculation of the ratio of weights of the peaks obtained.
Rescue 
RESULTS
Establishment of transformation
A few days after infection of HEF with BKV or BKV DNA FI, cells started to show cytopathic effects. Cell lysis was delayed in cultures infected with u.v.-irradiated virus or treated with anti-BKV serum. About 2 months after infection, when the cell monolayer was extensively affected by the virus cytopathic effect, small colonies began to grow up. They were isolated, propagated and finally gave rise to massive cell cultures. Several cell lines were established and were given the following designations: HEF-BKV, transformed by live BKV; HEF-BKV-UV, transformed by u.v.-irradiated BKV; HEF-BKV-MTC, transformed by live BKV in the presence of MTC; and L552, transformed by BKV DNA FI. Cells treated with MTC alone showed a transient toxic effect, but were not transformed. HEF were also infected with BKV DNA fragments obtained by a double digestion with HhaI and EcoRI. These enzymes cut BKV DNA once each, at 72-2 and 0 map units (m.u.) respectively. One of the two fragments was 3.7 kilobases (kb) long and contained the entire early region, spanning 0 to 72 m.u. in the clockwise direction. The other HhaI/EcoRI fragment was 1.5 kb long and extended clockwise from 72.2 to 100 m.u. HEF infected with either BKV DNA HhaI/EcoRI fragment did not show cytopathic effects. About 1 month after inoculation of cells with the HhaI/EcoRI 3.7 kb fragment, dense colonies began to appear over the cell monolayer. Single colonies were isolated which gave rise to several cell lines, one of which (L603) was studied in detail. No cell transformation was induced by the HhaI/EcoRI 1-5 kb fragment.
General properties of transformed cells
Transformed cells had an epithelioid morphology and grew well in both 109/o and 29/00 serum, reaching a saturation density of 1 to 1.5 × 105 cells per cmL Approximately 5 to 10~ of giant polynucleated cells were distributed in the cell monolayer. The cell doubling time was 20 to 24 h in 10~ foetal bovine serum. When plated on plastic flasks, transformed cells formed dense foci of multi-layered cells with a plating efficiency of 5 to 30 ~o, but they did not form colonies in medium containing agar or methylcellulose. They did not induce tumours in nude mice when inoculated at the ratio of 5 x 106 to 10 × 106 cells per animal. Cytogenetic analysis showed the presence of the large metacentric chromosomes which are typical markers of human cells. Transformed cells were quasi-diploid with a modal chromosome number of 53. Ten to 15~o of cells in the different cell lines had a sub-tetraploid chromosome content. The confluent monolayers were divided in the ratio of 1:2 and, between the 40th and 60th culture passages, transformed cells underwent a period of crisis comparable to that observed in SV40-transformed human cells (Girardi et al., 1965) , from which they recovered. Each cell line is now beyond the 100th culture passage and has been carried in culture for over 2 years.
Expression of virus-specific antigens
BKV T antigen was detected by IF in 98 to 100~ of cell nuclei in all transformed cell lines. The 97K large T and the 17K small t antigens as well as the cellular 53K protein (Lane & Crawford, 1979) were detected in transformed cells by immunoprecipitation of cell homogenates with anti-BKV T serum followed by SDS-PAGE of the immune complexes ( Fig.  1 a, b) . The electrophoretic pattern was very similar in all transformed cell lines. Several bands migrating ahead of large T antigen or just before small t antigen were observed in the immunoprecipitates of cell homogenates treated with anti-T serum (Fig. 1 a, b) . These bands probably represent truncated large T antigens and/or modified small t antigens. The latter were more prominent in the HEF-BKV-MTC cell line (Fig. 1 b) .
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erythrocytes was n e v e r found either in the s u p e r n a t a n t m e d i u m or cell h o m o g e n a t e s of B K V -or B K V D N A F I -t r a n s f o r m e d cells. After recovering from crisis, t r a n s f o r m e d cells r e m a i n e d uniformly negative for V P a n t i g e n synthesis. H E F t r a n s f o r m e d by the HhaI/EcoRI 3.7 k b f r a g m e n t of B K V D N A produced n e i t h e r V P a n t i g e n n o r h a e m a g g l u t i n a t i n g activity.
Superin./ection of trans[brmed cells with BKV or BKV DNA
All h u m a n t r a n s f o r m e d cell lines could be superinfected by B K V or B K V D N A , b u t their susceptibility to superinfection was m u c h lower t h a n t h a t of n o r m a l H E F . T h e results of s u p e r i n f e c t i o n e x p e r i m e n t s are presented in T a b l e 1. T r a n s f o r m e d cells were seeded on coverslips a n d superinfected with B K V or B K V D N A Ft. At various time intervals after superinfection, m o n o l a y e r cultures were tested by IF for the p r o d u c t i o n of V P a n t i g e n ; a small p e r c e n t a g e of cells gave positive results. T h e p r o p o r t i o n of V P-positive cells was highest 8 or 10 days after infection a n d decreased 15 days after infection. After s u p e r i n f e c t i o n w i t h B K V or B K V D N A , H E F t r a n s f o r m e d by B K V D N A HhaI/EcoRI 3-7 k b f r a g m e n t a n d n o r m a l H E F showed 5 to 100 times and 20 to 500 times respectively more VP antigen-producing cells than HEF transformed by BKV or BKV DNA FI. 
Rescue of BKV from transformed cells
State and arrangement of BKV DNA in transformed cells
Analysis by blot hybridization of the state and arrangement of BKV DNA in HEF transformed by BKV or BKV DNA FI showed a similar pattern in all transformed cell lines. When uncut total cellular DNA was analysed (Fig. 2, lanes 1 and 3) , free, full-length supercoiled BKV DNA molecules (FI) and relaxed molecules (FII) were detected. The band migrating ahead of BKV DNA FII probably represented free defective virus DNA. In addition, hybridization bands were observed in the area of high tool. wt. DNA, suggesting the presence either of integrated virus sequences or polymeric forms of BKV D N A. Digestion of total cellular DNA with EcoRI produced a prominent hybridization band of full-length linear BKV DNA (Fill) (Fig. 2, lanes 2 and 4) . The significance of the bands slower or faster than BKV DNA FIII in this digest will be discussed below.
To characterize the monomeric and high mol. wt. virus sequences better, blot hybridization analysis was performed on DNA extracted from the Hirt supernatant (HS-DNA) and pellet (HP-DNA) of the various transformed cell lines. Blot hybridization analysis of HS-DNA from HEF-BKV-UV is presented in Fig. 3 . Uncut DNA showed two hybridization bands comigrating with BKV DNA FI and FII, while digestion with EcoRI or HhaI produced BKV DNA Fill. Digestion of supernatant DNA with HindlII (an enzyme which produces four cuts on BKV DNA) yielded the four fragments A, B, C and D, indicating that all the HindIII cleavage sites had been conserved in free monomeric BKV DNA. Analysis by blot hybridization of HS-DNA from HEF-BKV, HEF-BKV-MTC and L552 gave similar results, suggesting that in cells transformed by BKV or BKV DNA FI, free monomeric forms of the BKV genome are mostly complete, non-defective BKV DNA molecules.
We then analysed by blot hybridization the HP-DNA from transformed cells. When HP-DNA of HEF-BKV-UV was hybridized uncut or after digestion with HinclI, HpaII or HpaI (three enzymes which do not cut BKV DNA) three slow-migrating bands were detected (Fig. 4 , lanes 2 to 5). These had the same relative position in the uncut DNA and in the DNA preparations digested by the three non-cutting enzymes, indicating that they do not represent virus sequences integrated into cellular DNA, but, rather, polymeric forms of free BKV DNA.
Digestion of HP-DNA with BamHI, PstI (which cut BKV DNA once) and CfoI (an isoschizomer of HhaI) produced a prominent band of full-length BKV DNA Fill (Fig. 4 , lanes 7 (Kelly & Nathans, 1977; Winocour et al., 1980; Carroll et al., 1981) . The hybridization pattern of the HindlII digest of H E F -B K V -M T C H P -D N A was also rather complex (Fig. 5, lane 12) : in addition to the four HindlII fragments, two bands were observed which may derive from virus integrations and/or from defective polymeric BKV D N A molecules lacking one or more HindlII restriction sites. The single-strand specific nuclease S1 converts circular monomeric and catenated polymeric forms of papovavirus D N A to monomeric linear molecules (Germond et al., 1974; Beard et ai., 1973; Chowdhury et al., 1975; Law et al., 1981) . We found that BKV D N A F I and FII were converted to full-length linear molecules by digestion with nuclease S1 (data not shown). After S1 treatment of the H P -D N A from H E F -B K V -U V , H E F -B K V -M T C and L552, some of the high mol. wt. virus D N A sequences were converted to F i l l (data not shown), indicating that some of the polymeric BKV D N A was probably arranged in supercoiled and/or relaxed catenated circular forms. Blot hybridization of L603 D N A digested with HinclI showed the presence of two slowmigrating bands of integrated virus sequences (Fig. 6, lane 2) . Digestion with PstI produced four bands (Fig. 6, lane 3) , indicating that the PstI cleavage site at 31.9 m.u. was conserved in both virus integrations. Digestion with HindlII showed the presence of HindlII fragments B and D, whereas fragments A and C were lacking (Fig. 6, lane 5) . The other bands present in the HindlII digest most probably represent junctions of virus and cellular DNA. Digestion of cellular D N A with PvulI produced four hybridization bands (Fig. 6, lane 6) . PvulI has two cleavage sites on BKV DNA, at 9.9 and 72.3 m.u. Since the BKV D N A fragment used for transformation of L603 extends from 0 to 72.2 m.u., only the PvulI cleavage site at 9.9 m.u. was present in the transforming D N A and was maintained in both virus integrations. Therefore, in L603 one site of the virus insertions maps in HindlII fragment A between the EcoRI site at 0 m.u. and the first PvulI site at 9-9 m.u. Since fragment C is absent in the HindlII digestion pattern and the integrated virus DNA contains all the information necessary to code for a complete large T antigen, the other sites of insertion of the integrated molecules should map in HindIII fragment C between 72.2 and 64.0 m.u., the latter site representing the region of the virus genome transcribing the 5' end of the early mRNA. DISCUSSION HEF have been transformed by BKV, BKV DNA FI and a BKV DNA fragment containing the early region of the BKV genome. The cells have many characteristics of the transformed state, although they are unable to grow in semi-solid media or induce tumours in nude mice. It is reasonable to assume that transformation was specifically induced and maintained by BKV, since (i) transformed cells produced both BKV large T and small t antigens, (ii) BKV was rescued from transformed cells and (iii) BKV DNA was detected in transformed cells by blot hybridization.
The state and organization of BKV DNA in HEF transformed by BKV and BKV DNA FI were unusual, in that the great majority of the virus DNA was detected in free circular monomeric and polymeric forms. No conclusive evidence was obtained of integrated BKV DNA except in HEF-BKV-MTC. Since polymers of SV40 DNA are formed during virus replication in permissive cells (Martin et al., 1976; Rigby & Berg, 1978) , it is likely that BKV DNA polymers were synthesized in human cells by DNA replication. Chia & Rigby (1981) have shown that in mouse cells infected by SV40 polymers of virus DNA are formed by replication and then recombine with one another. Recombination of BKV DNA polymers could contribute to the formation of the defective and rearranged virus DNA molecules observed in all BKVtransformed human cell lines. These molecules were more evident in HEF-BKV-MTC, as shown by reiterations of the replication origin, which could be correlated to the presence of truncated large T antigens and modified small t antigen in this cell line (Fig. 1 b) . In HEF-BKV-MTC, integration and rearrangement was probably favoured by treatment with methylcholanthrene, a carcinogen which interacts with DNA. Indeed, carcinogen-mediated amplification and rearrangement of SV40 integrated virus sequences have been recently described (Lavi, 1981) . Transformation of HEF by the HhaI/EcoRI 3-7 kb virus DNA fragment resulted in a simple pattern of integration, since two independent insertions of virus sequences into cellular DNA were observed, both probably containing the entire early region of the BKV genome.
Our results, in agreement with previous reports (Purchio & Fareed, 1979; Takemoto et al., 1979) , indicate that stable transformation can be maintained in human cells by BKV in a-free state, without any requirement for integration. The question arises why complete, infectious BKV DNA actively replicates in transformed human cells without VP antigen and virus production. Owing to extensive cell lysis after infection, cells are probably subjected to a strong selection allowing a few non-permissive or low-permissive survivors to develop the transformed phenotype. These transformed cells replicate BKV DNA and produce BKV T antigen without production of structural antigens and virus, possibly due to a block in the expression of late virus genes. The limited permissiveness of BKV-transformed human cells to BKV was confirmed by their low sensitivity to superinfection with BKV and BKV DNA at high multiplicity.
BKV-transformed human cells are not the only example of maintenance of stable transformation by free papovavirus DNA. In fact, transformation of human cells by BKV is reminiscent of the bovine papillomavirus system. This virus induces tumours in natural or experimental hosts and transforms rodent and bovine cells. Tumours and transformed cells do not contain integrated virus sequences, but only multiple copies of free monomeric and polymeric virus DNA (Lancaster & Olson, 1980; Moar et al., 1981 ; Law et al., 1981 ; Pfister et al., 1981) .
The episomal state of BKV DNA in BKV-transformed human cells may be relevant to the possible role of papovaviruses in human neoplasia. In fact, the presence of episomal BKV or SV40 DNA in human tumours and tumour cell lines has been reported (Pater et al., 1980; Krieg et al., 1981) . Recently, we too have detected free monomeric BKV DNA in a human tumour of pancreatic islets (Corallini et aL, 1983) .
